Rened astrometry measurements allow us to detect large-scale deviations from isotropy through real-time observations of changes in the angular separation between sources at cosmic distances.
Introduction. The standard model of cosmology rests on two main assumptions: general relativity and a homogeneous and isotropic metric, the Friedmann-RobertsonWalker metric (henceforth FRW). While general relativity has been tested with great precision at least in laboratory and in the solar system, the issue of large-scale deviations from homogeneity and isotropy is much less settled. There is by now an abundant literature on tests of the FRW metric, and on alternative models invoked to explain the accelerated expansion by the eect of strong, large-scale deviations from homogeneity (see [1] for a review). Several such models adopt as an alternative the Lemaître-Tolman-Bondi metric (henceforth LTB) , that is a model with a spherically symmetric distribution of matter (see for instance [2, 3, 4, 5, 6, 7, 8] ). The main motivation for this is the fact that the distance-dependent expansion rate can explain the supernovae Ia excess dimming without a dark energy eld.
LTB universes appear anisotropic to any observer except the central one.
In every anisotropic expansion the angular separation between any two sources varies in time, thereby inducing a cosmic parallax (CP) effect. This is totally analogous to the classical stellar parallax, except here the parallax is induced by a differential cosmic expansion rather than by the observer's own movement.
Together with the Sandage eect of velocity shiftż [9, 10] , CP belongs to the new realm of real-time cosmology, a direct way of testing our universe based on cosmological observations spaced by several years [11, 12, 13, 14, 15] .
One can expect on dimensional grounds that this differential cosmic expansion generates after an observation time lag of ∆t = 10 years an eect of order H 0 ∆t = 10 −9 h; therefore two sources separated by 1 rad today will show a parallax of 10 −9 h rad ≈ 200h µas in ten years, which is well above the accuracy goal of 10 µas set by Gaia (for V≤15) [16] and other planned missions like SIM [17] , JASMINE [18] and VSOP-2 [19] .
Adopting Gaia specications, we show that 10 purposes we assumed here that the points C, O, a1, b1, a2, b2 all lie on the same plane. Comoving coordinates r and r0 correspond to physical coordinates X and X0.
to the 10 Megaparsec scale, similar to or better than any other proposed test of the Copernican principle but without the degeneracy with our peculiar velocity that aicts the constraints from the cosmic microwave background [5, 8, 20] . In this paper we rst derive an estimate of CP by intuitive arguments based on a FRW description and then test it with a full numerical integration of light-ray geodesics in LTB models.
Estimating the cosmic parallax. tance X and angle θ in the C-frame is
where all angles are measured with respect to the CO axis and all distances in this section are to be understood as physical distances.
We consider rst two sources at location a 1 , b 1 on the same plane that includes the CO axis with an angular separation γ 1 as seen from O, both at distance X from C (throughout this letter we shall always assume for simplicity that both sources share the same φ coordinate). After some time ∆t, the sources move to positions a 2 , b 2 and the distances X and X 0 will have increased by ∆ t X and ∆ t X 0 respectively. If for a moment we allow ourselves the liberty of assigning to the scale factor a(t) and the H function a spatial dependence, a time-variation of γ is induced. The variation ∆ t γ is the anticipated cosmic parallax eect and can be easily estimated if we suppose that the Hubble law is just generalized to ∆ t X = XH(t 0 , X)∆t ≡ XH X ∆t. Generalizing to sources on dierent shells separated by a small ∆X ≡ X b − X a (not to be mistaken with the time interval ∆ t X) and ∆θ ≡ θ b1 − θ a1 , after straightforward geometry we arrive at
where H obs ≡ H(t 0 , r 0 ), s ≡ X 0 /X 1 (at this order we can neglect the dierence between the observed angle ξ and θ). We can also convert the above intervals ∆X into the redshift interval ∆z by using the relations r = dz/H (z) and X = a(t 0 , r)dr, which com- This velocity eld noise is therefore typically smaller than the experimental uncertainty (especially for large distances) and again will be averaged out for many sources.
Notice that the observer's own peculiar velocity produces a systematic oset sinusoidal signal ∆ t γ pec,O of the same amplitude as ∆ t γ pec that has to be subtracted from the observations: we discuss this further below.
Geodesic Equations. These very suggestive but simplis- to be ruled out due to distortions of the CMB blackbody radiation spectrum [20] .
The LTB metric can be written as (primes and dots refer to partial space and time derivatives, respectively):
where β(r) can be loosely thought as position dependent spatial curvature term. Two distinct Hubble parameters corresponding to the radial and perpendicular directions of expansion are dened as H || =Ṙ /R and H ⊥ =Ṙ/R (in a FRW metric R = ra(t) and H || = H ⊥ ). This class of models exhibits implicit analytic solutions of the Einstein equations in the case of a matter-dominated universe, to wit (in terms of a parameter η)
where D = (α + βR lss )/(βR lss ), and α, β and R lss are all functions of r. In fact, R lss (r) stands for R(0, r) and we will choose t = 0 to correspond to the time of last scattering, while α(r) is an arbitrary function and β(r) is assumed to be positive. Due to the axial symmetry and the fact that photons follow a path which preserves the 4-velocity identity u α u α = 0, the four secondorder geodesic equations for (t, r, θ, φ) can be written as ve rst-order ones. We will choose as variables the center-based coordinates t, r, θ, p ≡ dr/dλ and the redshift z, where λ is the ane parameter of the geodesics.
We shall refer also to the conserved angular momentum J ≡ R 2 dθ/dλ = const = J 0 . For a particular source, the angle ξ is the coordinate equivalent to θ for the observer, and in particular ξ 0 is the coordinate ξ of a photon that arrives at the observer at the time of observation t 0 . Obviously this coincides with the measured position in the sky of such a source at t 0 . In terms of these variables, and dening λ such that u(λ) < 0, the autonomous system governing the geodesics is written as
Following [5] , the angle ξ along a geodesic is given by cos ξ = −R (t, r) p / (u 1 + β(r)), from which we obtain p 0 = − 1 + β(r 0 ) cos(ξ 0 ) / R (t 0 , r 0 ) and J 0 = J = R(t 0 , r 0 ) sin(ξ 0 ). Therefore, our system is completely dened by the initial conditions t 0 , r 0 , θ 0 = 0, z 0 = 0 and ξ 0 . The rst two dene the instant of measurement and the oset between observer and center, while ξ 0 stands for the direction of incidence of the photons. By integrating the geodesic equations for two sources located at (z a1 , z b1 , ξ a1 , ξ b1 ) after a time interval ∆t the CP will be
The models of Ref. [5] are characterized by a smooth transition between an inner void and an outer region with higher matter density and are described by the functions α(r) and β(r) (Eqs. (28) and (29) in [5] ), themselves carrying a total of 4 free parameters, one of which the value H out ⊥,0 of the Hubble constant at the outer region, set at 51 km/(s Mpc). Following [5] we dub them Model I and II; the main dierence between them is that Model II features a sharper transition from the void.
However transition width is not expected to be an important factor in CP since most quasars are outside the void and the most relevant quantity is the dierence between the inner and outer values of H. In both cases we set the o-center (physical) distance to 15 Mpc, which is the upper limit allowed by CMB dipole distortions [5] , and this corresponds to s 4.4 10 −3 for a source at z = 1. It can be shown that in a step-like LTB void model, the H X in (2) is given by H in
In Figure 2 we plot ∆ t γ for three sources at z = 1, mate. One can see that the results do not depend sensitively on the details of the shell transition and that in both cases the FRW-like estimate gives a reasonable idea of the true LTB behavior. We conclude that (2) is a valid approximation. Numerically, we nd that a convenient estimate of the parallax is given by ∆ t γ = 100 s∆h(∆t/10 years) × (∆θ, ∆z/z)µas. For the LTB models above ∆h ≈ 0.12 − 0.14.
Integrating (7) yields also another interesting observ- by a changing aberration. Both produce a dipolar signal, just like a LTB: however, the peculiar velocity parallax decreases monotonically with the angular diameter distance, while the aberration change is independent of distance [21] . In contrast, the LTB signal has a character- 
